Purpose. The benefits of aerobic exercise training on insulin sensitivity in subjects with the metabolic syndrome (MetS) are, at least in part, associated with changes in cytokines. Recent studies identified novel cytokines (e.g. fractalkine, omentin and osteopontin) that are strongly involved in glucose homeostasis and therefore potentially contribute in the exercise-induced changes in insulin sensitivity. Therefore, we aim to examine changes in skeletal muscle RNA expression and plasma levels of novel cytokines after exercise training, and correlate these changes to the exercise-induced changes in insulin sensitivity. Methods. Women with the metabolic syndrome (MetS, n=11) and healthy women (n=10) participated in a 6-month aerobic exercise training intervention (3/week, 45min per session at 65%-85% of individual heart rate reserve). Before and after training, we examined insulin sensitivity (M-value during hyperinsulinemic euglycaemic clamp), circulating blood levels of cytokines (venous blood sample; leptin, adiponectin, omentin, fraktalkin, osteopontin). Skeletal muscle RNA-expression of these cytokines (muscle biopsy) was examined in two subgroups (MetS n=6; healthy women n=6). Results. At baseline, plasma levels of omentin (85.8±26.2ng/ml) and adiponectin (5.0±1.7μg/ml) levels were significantly higher in controls compared to MetS (51.1±27.1; 3.6±1.1 respectively), and leptin levels were lower in controls (18.7±11.5ng/ml vs 53.0±23.5).
INTRODUCTION
The metabolic syndrome (MetS) comprises a set of interrelated risk factors resulting in an increased risk for development of type 2 diabetes mellitus and cardiovascular diseases. (13, 26) The pathophysiology of MetS is characterized by the presence of peripheral insulin resistance, which is caused by a low physical activity level and excessive central adiposity. (11) Several previous intervention studies have demonstrated that exercise training is a powerful, nonpharmacological tool to improve insulin sensitivity via a number of metabolic adaptations. (18, 32 ) Part of these adaptations may be related to exercise-induced alterations in cytokines. These pro-and anti-inflammatory factors play a pivotal role in the presence of low-grade inflammation that underlies a decline in insulin sensitivity. (19, 37 ) Therefore, the measurement of cytokines prior to and after exercise training may provide potential insight in the mechanisms underlying the benefits of exercise training on insulin sensitivity.
Recent studies have identified novel cytokines, which may play an important role in glucose homeostasis and the presence of inflammation. Fractalkine is secreted in both adipose tissue and skeletal muscle, (5, 36) and plays a role in the regulation of pancreatic islet β cell function. In humans, fractalkine has been proven to modulate monocyte adhesion in adipose tissue, thereby influencing chronic inflammation processes,(36) and is independently associated with markers of insulin resistance (HOMA-IR). (10) Omentin is a cytokine mainly secreted by visceral adipose tissue. Circulating omentin levels are negatively correlated with insulin resistance and are decreased in obesity and type 2 diabetes.(39) Osteopontin is biosynthesized in numerous cell types including macrophages and myoblasts in skeletal muscle.(41) In rodents, osteopontin influences macrophage recruitment in adipose tissue and thereby contributes to the inflammatory A C C E P T E D state. In obesity models in mice, circulating osteopontin levels are increased, whilst mice with a lack in osteopontin display improved insulin sensitivity.(28) Finally, vaspin is a cytokine that is mainly secreted in visceral adipose tissue and is reported to have insulin-sensitizing effects in rodents. (2, 45 ) Currently, it is not known whether the benefits of exercise training on insulin sensitivity are related to changes in these novel cytokines.
The first aim of this study was to examine whether 6 months of aerobic exercise training alters circulating levels as well as RNA-expression levels in skeletal muscle of a set of selected novel (i.e. fractalkine, omentin, osteopontin, vaspin) and traditional (i.e. adiponectin, leptin and interleukin-6) cytokines, and whether these changes are associated with exercise traininginduced adaptations in insulin sensitivity in subjects with MetS and healthy controls. We hypothesize that the benefits of aerobic exercise training on insulin sensitivity in MetS may be associated with alterations in levels of these cytokines.
METHODS

Subjects
Eleven women with MetS and ten lean, age-matched, sedentary control women were included in this study. Metabolic syndrome was defined as having at least three out of five criteria as defined in the Joint Scientific Statement for Harmonizing the Metabolic Syndrome, including waist circumference >88 cm, triglycerides >1.7 mmol/l, High Density Lipoprotein (HDL)-cholesterol <1.3 mmol/l, blood pressure >130/85 mmHg and/or the use of antihypertensive medication, and fasting glucose levels >6.1 mmol/l.(1) Lean women were defined as having a body mass index (BMI) <25 kg/m² and the absence of all metabolic syndrome criteria. Pre-, peri-and A C C E P T E D postmenopausal women were included. Women were considered peri-menopausal when they experienced a persistent change in menstrual cycles of at least seven days, or a period of amenorrhea of 60 days or more. Post-menopause was defined as a period of amenorrhea of 12 months or more. (15) We excluded women with a medical history of known diabetes mellitus and/or cardiovascular diseases, liver or renal diseases, smoking, who consume more than two units of alcohol (10 g) a day, or perform regular physical activity >2 hours a week. Before participation, written informed consent was obtained. This study was approved by the Medical Ethical Committee of the Radboud university medical center, and was conducted in accordance with the Declaration of Helsinki (2000).
Study design
All subjects who participated in this study were engaged in a six month aerobic exercise training intervention. Before and after the intervention, a venapunction, hyperinsulinemic, euglycemic clamp, vastus lateralis muscle biopsy and a maximal cycling test was conducted in each participant.
Exercise training
During this training study, all women trained three times a week under the supervision of an experienced researcher. Training consisted of cycling exercise on an ergometer (Lode, Groningen, the Netherlands) starting with a 10 minute warming-up, followed by 30 minutes of exercise at 65% of the individual heart rate reserve (HRR) and ending with a cooling-down of 5 minutes. Workload was increased based on improvements in physical fitness level across the six month intervention. Exercise intensity was monitored and documented with the use of heart rate A C C E P T E D monitors (Polar). Women had to attend at least 90% of the training session during this six month period to be eligible for inclusion of the statistical analysis.
Measurements
Insulin sensitivity. Peripheral tissue sensitivity to exogenous insulin was measured using a hyperinsulinemic euglycemic clamp as previously described. (8) The clamp was performed at least 48 hours after cessation of the last exercise bout. After an overnight fast (10 hours), the subject was placed in the supine position in a quiet, temperature controlled (22 -24 ºC) room.
Insulin (Actrapid, Novo-Nordisk, Copenhagen, Denmark) was infused intravenously in a dose of 430 pmol·m -2 ·min -1 (60 mU · m -2 · min -1 ) for 120 minutes. Insulin 50 U · ml -1 was diluted in 48 ml NaCl 0.9% with the addition of 2 ml blood from the subject to a concentration of 1 U·ml -1 .
Venous plasma glucose concentrations were clamped at 5. MADMAX pipeline for statistical analysis of microarray data.(24) Quality control was performed and all arrays met our criteria, except arrays from three participants. Data of these participants was excluded from further analysis. Microarray data were filtered, and probe sets with expression values higher than 20 on more than 5 arrays were considered to be expressed and were selected for further statistical analysis. Significant differences in expression levels were assessed using Intensity-Based Moderated T-statistics (IBMT). were calculated. (16) Dietary intake. During the training intervention, women were instructed not to change their caloric intake. To assess potential changes in daily food intake, women were asked to record 3-day dietary intake records before and in the last week of the training intervention. Dietary records were analyzed with Eetmeter Software (Voedingscentrum, the Hague, Netherlands).
Only data of women who completed the dietary records on at least three days before and at the end of the training period was included for analysis.
Cardio-respiratory fitness level. Women performed a maximal exercise test on an electrically braked leg-cycling ergometer (Lode, Angio 300, Groningen, the Netherlands) using an incremental protocol, to assess their cardio-respiratory fitness level. Workload increased by 10 W per minute, starting at 10 W, until exhaustion. A gas-analyzer was used to measure oxygen consumption continuously (Jaeger Benelux BV, Breda, the Netherlands). Maximal oxygen consumption (VO 2max ) was analyzed as the mean of the last minute of the exercise bout. During the test, heart rate was measured continuously. Two minutes after cessation of the test, capillary blood lactate level (Roche Diagnostics GmbH, Mannheim, Germany) was measured. were assessed with the use of Spearman's correlation coefficient. The level of statistical significance for data except the microarray data was defined at α=0.05. In the microarray analysis, genes were defined as significantly changed at α=0.01. Data are presented as mean ± SD, unless stated otherwise.
RESULTS
Subject characteristics
The physical characteristics of the women with the MetS and the lean sedentary controls are presented in Table 1 . In both groups pre-, peri-and post-menopausal women were included (Table 1) . None of the included women used hormone replacement therapy, since this is known to directly influence circulating cytokine levels(38). As a consequence of the selection procedure, women with MetS demonstrated a significantly higher body weight, BMI, blood pressure and triglycerides at baseline ( Table 1) . Analysis of physical activity data at baseline demonstrated that the women with MetS spent 10 minutes per day in vigorous intensity activities and 0 minutes per day in very vigorous intensity activities. Lean controls spent on average 19 minutes per day in vigorous intensity activities and 0 minutes per day in very vigorous intensity.
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Exercise training intervention
Eleven women with MetS and ten lean control women all successfully completed the exercise intervention, with a training compliance of 92%. Cardio-respiratory fitness, determined as the peak oxygen uptake, improved significantly in both MetS and the lean control women, but improvement did not differ between the two groups ( Table 1) . Waist circumference improved significantly in both groups, whereas other body composition measurements showed no change over time, but remained different between the two groups. Analysis of the dietary records in a subgroup of women (MetS n = 4; lean control women n =5) showed no significant change in caloric intake during the training intervention (pre: 7.6 ± 1.2 MJ/day; post: 7.2 ± 1.2 MJ/day; p = 0.12). Circulating markers of glucose homeostasis (i.e. fasting glucose and insulin) and lipids showed no change over time in both groups, whilst blood pressure decreased (Table 1) . Insulin sensitivity (M-value) improved significantly in both groups, with no differences in the magnitude of improvement between both groups ( Figure 1 ). Three out of eleven women with the metabolic syndrome (27%) did not meet the criteria for the metabolic syndrome anymore after six months of cycling training.
Cytokines Plasma cytokine levels. At baseline, plasma levels of omentin and adiponectin were significantly higher in healthy control women, whilst leptin levels were lower in healthy women compared to women with MetS. No differences between the groups were found for the other cytokines ( Figure 2 ). Exercise training did not change plasma levels of cytokines in both groups (Figure 2 ).
At baseline, circulating vaspin did not reach the minimum detecting value of 0.16 ng/ml in n=8
women with the metabolic syndrome and in n=6 lean control women. Plasma levels of IL-6 did not meet the minimal detection value of 3 pg/ml at baseline in all lean control women (n=10) and in most women with the metabolic syndrome (n=9). After the training period, levels of both vaspin and IL-6 remained below our minimal detection limit in these subjects. Since a large proportion of the individuals included in this study did not show detectable circulating IL-6 and vaspin levels, data on both IL-6 and vaspin were excluded from further analysis.
Skeletal muscle mRNA expression. Skeletal muscle gene expression levels of novel and known cytokines were compared before and after the training intervention in five women with the metabolic syndrome and four lean control women. In both groups, no differences were found in gene expression levels of the cytokines before and after exercise training (Table 2) . 
DISCUSSION
Our results confirm that exercise training successfully improves insulin sensitivity, in both women with the metabolic syndrome and lean, sedentary controls. The improvement in insulin sensitivity after exercise training was not accompanied by changes in circulating levels of novel (i.e. fractalkine, omentin, osteopontin and vaspin) and traditional (i.e. leptin, adiponectin and IL-6) cytokines. Furthermore, gene expression levels of these cytokines in skeletal muscle did not change after exercise training. Taken together, these results suggest that cytokines are not associated with exercise-induced improvements in insulin sensitivity in women.
Baseline
In this study, we confirmed with use of the M-value as a gold standard technique, that insulin sensitivity in women with the MetS is significantly lower compared to age-matched lean controls. Furthermore, we found that lean controls show lower leptin levels, and higher omentin and adiponectin levels than women with MetS. Whilst previous research showed that omentin is lower in subjects with obesity and type 2 diabetes, this study is the first to show that omentin is also lower in women with MetS compared to controls.(34, 39) Previous studies found that fractalkine, osteopontin and vaspin are associated with insulin resistance and obesity. (2, 10, 36) However, no baseline differences in circulating levels of cytokines were found between women with MetS and controls in our study. Furthermore, we found no correlation between insulin sensitivity and levels of these cytokines. One important difference with previous studies is that we used the gold standard to measure insulin sensitivity rather than the less invasive, but also training. An important difference between studies that did find an effect on cytokines versus those who did not is the presence of weight loss. It has been suggested in previous reviews that considerable weight loss (of at least 5%) is needed to achieve a change in cytokine expression,(22, 40) and thereby circulating levels. However, in exercise training studies the relation between weight loss and change in cytokines seems less clear. In some exercise studies significant weight loss is present, whilst no change in cytokines occurred. However, with our study design acute changes in cytokines after exercise were not examined. In the discussed exercise training studies, blood (and tissue) samples were collected at 24 hours,(9, A C C E P T E D 14) 48 hours(34, 44) or 72 hours(31) after the last exercise session, whilst the majority of the authors did not report the timing of sampling. Considering the responses of cytokines to an acute exercise bout, this heterogeneity among study designs might be an explanation for differences found in the response of cytokines to training. Very little is known about the specific time course of expression levels and circulating levels of well-investigated and recently discovered cytokines after an exercise bout. This knowledge is needed to interpret each study on its merits.
Limitations. Microarray analysis was performed in a subgroup of nine women, which limited statistical power. Both circulating levels and mRNA expression levels of cytokines in skeletal muscle were analyzed. Since these subgroups were a good representation of the whole group, we do not expect larger numbers would have altered the main outcomes of our study. In this study pre-, peri-and post-menopausal women were included, which provides a well representation of the entire female population in this age category. Although the menopause affects fat distribution, its effects on cytokines is less clear.(27, 29) We therefore do not believe that the main outcome of this study is influenced by menopausal status. In this study we explored cytokine expression levels in skeletal muscle, whilst adiponectin, omentin and vaspin might not 
Conclusion
In conclusion, this study shows that exercise training successfully improves insulin sensitivity and physical fitness in both women with the metabolic syndrome and lean controls. The improvement in insulin sensitivity after exercise training was not accompanied by or correlated with changes in circulating levels or gene expression levels in skeletal muscle of novel (i.e.
fractalkine, omentin, osteopontin and vaspin) and traditional (i.e. leptin, adiponectin and IL-6) cytokines. Our data may suggest that exercise-induced improvements in insulin sensitivity are not accompanied by a change in cytokines. 
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